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The Namche Barwa Complex exposed in the Eastern Himalayan Syntaxis, south Tibet, underwent high-pressure
(HP) and high-temperature (HT) granulite-facies metamorphism and associated anatexis. The HP pelitic granu-
lites contain garnet, kyanite, sillimanite, cordierite, biotite, quartz, plagioclase, K-feldspar, spinel, ilmenite and
graphite. These minerals show composite reaction texture and varying chemical compositions and form four
successive mineral assemblages. Phase equilibrium modeling constrains the P–T conditions of 10–12 kbar and
550–700 °C for the prograde stage, 13–16 kbar and 840–880 °C for the peak-metamorphic stage, and 5–6 kbar
and 830–870 °C for the late retrograde stage, indicating that the HP granulites recorded a clockwise P–T path in-
volving the early heating burial and anatexis through dehydrationmelting of bothmuscovite and biotite, and the
late isothermal decompression and gradual melt crystallization under HT granulite-facies conditions. The zircon
U–Pb dating reveals that the HT granulite-facies metamorphism probably initiated at ca. 40Ma, and lasted to ca.
8 Ma. Therefore, the present study provides robust evidence for a long-lived HT metamorphism and associated
anatexis in the deeply buried Indian continent and important constraints on the leucogranite generation and tec-
tonic evolution of the Himalayan orogen.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The India–Asia collision initiated at ca. 52–50Ma (e.g., Najman et al.,
2010) and generated the Himalaya range and the adjacent Tibetan Pla-
teau (Molnar and Tapponnier, 1978; Yin and Harrison, 2000). Themain
metamorphic and magmatic products of the collision are the Eocene to
Miocene Higher Himalayan Crystallines and leucogranites, which form
the core of the Himalayan orogen. The Higher Himalayan Crystallines
(HHC), representing the deeply buried and then exhumed Indian conti-
nent, provide an excellent natural laboratory for studying the continen-
tal collisional orogenesis because all observations of Himalayan age can
be attributed to a single, known orogenic process—the ongoing collision
of India with Asia (Rubatto et al., 2013). Despite the significance of the
metamorphism and partial melting of the HHC for understanding the
formation and evolution of the Himalayan orogen, the following issues
still remain highly controversial: (1) the peak-metamorphism of
the HHC was estimated at different P–T conditions, such as upper
amphibolite-facies to granulite-facies (e.g., Kohn, 2008; Rubatto et al.,
2013; Searle et al., 2006; Yakymchuk and Godin, 2012), high-pressure
(HP) granulite-facies (Chakungal et al., 2010; Ding et al., 2001;
Guilmette et al., 2011; Liu and Zhong, 1997), or eclogite-facies (Corrie

et al., 2010; Groppo et al., 2007; Kali et al., 2010); (2) the peak-
metamorphism of the HHC was dated at different times, such as
26–20 Ma (Corrie et al., 2010; Jessup et al., 2008; Su et al., 2012; Xu
et al., 2010), or 40–30 Ma (Ding et al., 2001; Liu et al., 2007a,b; Zhang
et al., 2010, 2012); (3) various mechanisms were assigned for partial
melting of the HHC, such as fluid-saturated anatexis (Harris et al.,
1993; Patino Douce and Harris, 1998), prograde melting during conti-
nental subduction (Groppo et al., 2010; Guilmette et al., 2011; Visona
and Lombardo, 2002), decompression melting under fluid-absent con-
ditions (Harris and Massey, 1994; Harrison et al., 1997; H.F. Zhang
et al., 2004; J. Zhang et al., 2004), muscovite dehydration melting
(Imayama et al., 2012) or biotite dehydration melting (Groppo et al.,
2012; Guilmette et al., 2011); and (4) some investigators suggested
that the leucogranites derived from two-component mixing between
the Lesser Himalayan sequences (LHS) and HHC (e.g., Guo and Wilson,
2012; Le Fort et al., 1987; Visona and Lombardo, 2002), whereas other
researchers argued that the leucogranites resulted from melting of the
HHC only (e.g., Harris and Massey, 1994; H.F. Zhang et al., 2004; J.
Zhang et al., 2004). Therefore, although many studies have focused on
petrology and geochronology of the HHC, initiation and duration of HT
granulite-facies metamorphism and associated anatexis are still far
from being universally demonstrated (Groppo et al., 2010; Kali et al.,
2010; Kohn and Corrie, 2011; Rubatto et al., 2013; Searle, 2013; Wang
et al., 2013).

Recent advances in phase equilibriamodeling combinedwith exam-
ination of textures allow a much improved determination of the P–T
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evolution of anatectic aluminous rocks (White et al., 2007). In addition,
the pseudosection approach can be used to further constrain the P–T
conditions of metamorphism by comparing the calculated isopleths
for mineral composition with the measured compositions (Powell
et al., 2005). In particular, modeling the effects of melt loss in felsic
and pelitic systems (Groppo et al., 2010, 2012; Guilmette et al., 2011;
Indares et al., 2008; Johnson et al., 2008; White and Powell, 2002;
White et al., 2004) provides a framework for the assessment of the
prograde P–T evolution that was previously impossible.

Here we use microstructures, mineral chemistry, phase equilibria
modeling and zircon U–Pb geochronology to show that the HP pelitic
granulites of the Namche Barwa Complex (NBC), Eastern Himalaya
Syntaxis, were subjected to a long-lived HT granulite-facies metamor-
phic and anatectic process over ca. 30Ma during the India and Asia col-
lision. This work provides new insights into the thermal and rheological
evolution of tectonically thickened crust in large hot orogens. The
mineral and melt abbreviations used in this paper are as follows:
Ab = albite, Alm = almandine, And = andalusite, Bt = biotite,
Cpx = clinopyroxene, Crd = cordierite, Grs = grossular, Gr = graph-
ite, Gt = garnet, Ilm = ilmenite, Kf = K-feldspar, Ky = kyanite,
Ms = muscovite, M = melt, Opx = orthopyroxene, Pl = plagioclase,
Prp = pyrope, Qz = quartz, Rt = rutile, Sil = sillimanite, Sp = spinel,
Spe = spessartine, St = staurolite and Ta = talc.

2. Geological setting

The Himalayan orogen is bounded by the Indus–Tsangpo Suture
(ITS) zone to the north and the Main Frontal Thrust (MFT) to the
south (Fig. 1). From north to south the orogen comprises four roughly
parallel, laterally continuous tectonostratigraphic units (e.g., Godin
et al., 2001; Yin, 2006; Yin and Harrison, 2000): the Tethyan Himalayan
Sequences (THS), the Higher Himalayan Crystallines (HHC) (or Greater
Himalayan Crystallines and Higher Himalayan Sequences), the Lesser
Himalayan Sequences (LHS), and the Neogene Siwalik Formation
(Fig. 1). Previous studies (e.g., Godin et al., 2001; Yin, 2006; Yin and
Harrison, 2000) have identified three north-dipping tectonic bound-
aries between the tectonostratigraphic units from north to south
(Fig. 1): (1) the South TibetanDetachment (STD) system,which is a net-
work of normal faults juxtaposing the THS in the hanging wall against

the HHC in the footwall; (2) the Main Central Thrust (MCT), which is
interpreted as a series of shear zones along which the HHC was
emplaced southward over the LHS; and (3) the Main Boundary Thrust
(MBT), which is defined as a thrust placing the LHS over the Neogene
Siwalik Formation.

In the Eastern Himalayan Syntaxis (EHS), the Himalayan slices in-
clude the THS and HHC (Booth et al., 2009; Zhang et al., 2014; Fig. 2).
The former consists of Paleozoic andMesozoic sedimentary stratameta-
morphosed under greenschist to epidote–amphibolite facies (Booth
et al., 2004, 2009; Liu et al., 2011). The HHC, referred to as the Namche
Barwa Complex (NBC), crop out in the middle part of the syntaxis and
consist of high-grade gneiss, amphibolite, schist, marble, granulite and
migmatite derived from protoliths of possible Proterozoic age (Burg
et al., 1998; Ding and Zhong, 1999; Geng et al., 2006; Liu and Zhong,
1997). However, recent studies show that the protoliths of the
orthogneiss within the NBC formed during late Paleoproterozoic at
ca. 1610 Ma and early Paleozoic at ca. 500 Ma. The amphibolites were
derived from mafic magmatic rocks formed during 1650–1600 Ma
(Zhang et al., 2010, 2012). All the rocks of the NBC have beenmetamor-
phosed and partly migmatized during Cenozoic with the metamorphic
and magmatic zircon U–Pb ages ranging from 40 to 7 Ma (Booth et al.,
2004, 2009; Burg et al., 1998; Ding et al., 2001; Liu et al., 2007b; Su
et al., 2012; Xu et al., 2010; Zhang et al., 2010, 2012).

3. Analytical methods

Mineral compositions were analyzed using a JEOL JXA 8900 electron
microprobe (EPM) with a 15 kV accelerating voltage, 5 nA beam cur-
rent, 5 μm probe diameter, and count time of 10 s for peak and back-
ground, at the State Key Laboratory of the Continental Tectonics and
Geodynamics, Institute of Geology, CAGS. Natural or synthetic standards
were used for EPM analysis and ZAF corrections were carried out.
Whole-rock compositions were analyzed at the National Geological
Analysis Center of China, Beijing. Oxides of major elements were deter-
mined by X-ray fluorescence (XRF) (Rigaku-3080) with an analytical
uncertainty of b0.5%.

Zircon U–Pb dating and trace element analysis were simultaneously
conducted by LA-ICP-MS at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geosciences

Fig. 1. Sketch geological map of the Himalayan orogen (modified after Guillot et al., 2008). ITS = Indus–Tsangpo Suture, MBT = Main Boundary Thrust, MCT = Main Central Thrust,
MFT = Main Frontal Thrust, and STD= South Tibetan Detachment.
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